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Abstract 
By using a scanning infrared polariscope (SIRP), the residual strain distribution has been characterized in specially-prepared 
vertical slices of rectangular blocks cut from two conventional casting ingots in production scale. All the blocks clearly revealed 
local strain increase in the shapes of straight-pillar and long-pyramid but its distribution was significantly different from block to 
block. The averaged vertical profiles exhibited common W-shape in the center blocks, while it was more distorted in the 
peripheral blocks, which may reflect casting process condition such as thermal stress applied to the whole ingot. 
© 2009 Published by Elsevier B.V. 
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1. Introduction 
Multicrystalline silicon (mc-Si) substrates for solar cells are mainly manufactured by slicing a block of casting 
ingot. Since the casting growth is based on rapid cooling, there are strong thermal stresses which may cause 
structural crystal defects. A part of the thermal stresses is relieved by the structural defects, but the rest is frozen into 
the ingot as residual stress or strain. They may act as an origin of unwanted problems such as chipping and breakage 
of block during slicing process and as cracking, warping and breakage of substrates during cell-fabrication process, 
which may decrease the cell yield. As the substrate thickness decreases, those problems become more serious. 
Therefore, it is important to characterize the residual strain distribution not only in substrates but also ingots. 
There were many studies on residual strain/stress measurement by Raman spectroscopy [1] and conventional 
circular polariscopy [2-4]. By using a scanning infrared polariscope (SIRP) with sophisticated polarimetric 
technique [5-6], we characterized two-dimensional distribution of residual strain in mc-Si substrates [7]. The SIRP 
enables us to measure the refractive index difference |Δn| and the principal direction ψ of strain-induced 
birefringence at each position while scanning the sample. Although the residual strain is quantitatively evaluated 
from |Δn|, ψ, and effective photoelastic coefficients for each grain in consideration of anisotropy of cubic crystal [8], 
the |Δn| in itself is also useful as a qualitative measure of residual strain because it is proportional to the maximum 
share strain by assuming isotropic crystal. The residual strain distribution was also characterized in specific grains to 
compare with EBIC results on electrically active grain boundaries [9]. Recently, we examined the horizontal and 
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vertical slices of the mc-Si blocks in production scale [10]. The |Δn| map of vertical slice demonstrated a cross-
sectional distribution of residual strain along the solidification direction, but it was limited in a certain block. 
In this paper, we study on residual strain distribution in conventional casting ingots in production scale. In order 
to cover both center and edge of the ingot, several blocks are selected and their vertical slices are prepared and 
examined. Their |Δn| maps are presented to discuss the relationship between the block position and the residual 
strain distribution. 
2. Sample Preparation 
The mc-Si samples examined in this work was specially prepared with a furnace in production scale. Two ingots 
were grown by a conventional casting technique. An ingot was divided into 4×4 blocks with small footprint and 
original ingot height. Figure 1 shows 4×4 blocks divided from an ingot. The red blocks are examined ones, that is, a 
center block and adjacent peripheral one. Two vertical slices were cut out at the bisecting sections of each block. 
Figure 2 illustrates the positions of the vertical slices in the examined blocks. It is noted that the SIRP can measure 
only in-plane components of residual strain [5]. Therefore, the slicing section was determined to be perpendicular to 
the outer side of the ingot so that the stress from/to the ingot side became in-plane component. Finally, the samples 
were wrapped and polished in both sides to reduce slicing-induced damages. Typical sample dimension was 
approximately 170 × 230 × 3 mm3. It is noted that the actual ingot was not exact rectangular but block division was 
performed perpendicular to the bottom surface. Therefore, the slice of the peripheral block was rather trapezoidal 
than rectangular. 
3. Results and discussion 
Figure 1 shows the SIRP maps of |Δn| measured in two vertical slices cut from (a) center and (b) peripheral 
blocks of ingot #1. Two averaged profiles in horizontal and vertical directions are also attached at top and right side 
of each SIRP map with blue and red lines, respectively. The two-dimensional distribution of |Δn| clearly reveals 
local concentration of residual strain in the shapes of straight-pillar and long-pyramid. Such concentration appears 
mainly near the grain boundaries but partly at the grain inside. It is well known that many grains have long and 
narrow shapes in the vertical section of casting ingot because they are grown along the solidification direction. In 
the center block, the residual strain concentration is distributed mainly at the bottom and top edges and at the middle 
regions. That distribution is strongly reflected in the gradual W-shape of the averaged vertical profile rather than in 
the local fluctuation of the horizontal profile. In the peripheral block, it is distributed not only at which it is found in 
the center block but also at bottom corner and the outer side, noted as while ellipses in Fig 1(b). That distribution is 
also reflected in the averaged vertical profile, which is far from W-shape but near to U-shape distorted at the bottom 
corner noted as the arrow 1b. Therefore, it is found from Fig. 1 that the residual strain distribution is significantly 
different between the center and peripheral blocks and the distribution is strongly reflected in the averaged vertical 
profile rather than the horizontal one. The maximum value of |n| is 10-4 in the Fig. 1(b), which corresponds to about 
5×10-5 in the strain term, and 5 MPa in the stress term by assuming the (100) crystallographic orientation of the 
grain. 
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Fig. 2:  Positions of the vertical slices in the examined 
blocks. 
Fig. 1: 4×4 blocks divided from an ingot. 
The red blocks are examined ones.
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Fig. 1: SIRP maps of vertical slices cut from (a) center and (b) peripheral blocks of ingot #1. Averaged profiles in 
horizontal and vertical directions are drawn with blue and red curves, respectively. 
Figure 2 shows the results of SIRP measurement for ingot #2. The |Δn| maps of the vertical slices from (a) center 
and (b) peripheral blocks and the averaged profiles are drawn in the same manner as shown in Fig. 1. A few 
unmeasured regions in white are due to a lack of local volume by pinholes and micro cracks. The straight-pillar and 
long-pyramid shapes of local concentration are also found in both blocks of ingot #2. As in the case of ingot #1, the 
residual strain distribution is significantly different between the center and peripheral blocks. The averaged vertical 
profiles in ingot #2 reveal W- and distorted (2b) U-shapes in the center and peripheral blocks, respectively, 
revealing similar tendency to those in ingot #1. On the other hand, the difference between the ingots is not as 
significant as that between the blocks. Therefore, it is found from Figs. 1 and 2 that the residual strain distribution 
examined in this study is mainly block-specific and it is reflected in each averaged vertical profile. 
It should be noted that the residual strain distribution of the block is not exactly same as that in the whole ingot 
itself because the residual strain may be partly relieved and redistributed by block dividing processes. However, it is 
useful to speculate that in the whole ingot. Furthermore, the block-specific distribution is useful as it is from the 
production viewpoint. At the present stage, the detailed mechanism of residual strain distribution is not known. 
However, it may be related to the casting process condition such as thermal stress because it is strongly varied with 
process time and ingot place, that is, block-specific. Chen et al. reported the significant difference in axial 
distribution of Von Mises stresses between the central and peripheral lines of the silicon ingot during a 
unidirectional solidification process by numerical simulation [11]. Since the casting process condition is reflected, 
the SIRP measurement is useful not only for substrate inspection but also for monitor and optimization of casting 
process with the averaged vertical profile. 
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4. Conclusion 
By using the SIRP, the residual strain distribution has been characterized in the vertical slices of rectangular 
blocks cut from two casting mc-Si ingots. The two-dimensional distribution of |Δn| clearly revealed local strain 
increase in the shapes of straight-pillar and long-pyramid appeared almost at the grain boundaries and partly at the 
grain inside. The local increase was commonly found in all the blocks, but its distribution was significantly different 
from block to block. The maximum value of |n| was 10-4, which corresponded to about 5×10-5 in the strain term, 
and 5 MPa in the stress term. The averaged vertical profiles exhibited common W-shape in the center blocks, while 
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it was distorted at peripheral ones. Such block-specific profiles may reflect casting process condition such as 
thermal stress applied to the whole ingot. Since the casting process condition is reflected, the SIRP measurement is 
useful not only for substrate inspection but also for monitor and optimization of casting process. 
Fig. 2: SIRP maps of vertical slices cut from (a) center and (b) peripheral blocks of ingot #2. The averaged 
profiles are drawn in the same manner as shown in Fig.1. 
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